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The present work has aimed to determine the 16 US EPA priority PAH atmospheric particulate matter levels present in three sites around Salvador, Bahia: (i) Lapa bus station, strongly impacted by heavy-duty diesel vehicles; (ii) Aratu harbor, impacted by an intense movement of goods, and (iii) Bananeira village on Maré Island, a non vehicle-influenced site with activities such as handcraft work and fisheries. Results indicated that BbF (0.130-6.85 ng m -3 ) is the PAH with highest concentration in samples from Aratu harbor and Bananeira and CRY (0.075-6.85 ng m -3
Introduction
Particulate matter plays a significant role in the chemistry of the atmosphere and in human health. Several epidemiological studies have associated daily exposures to particulate matter with increased incidences of premature death, chronic asthma and increased hospital admissions as well as respiratory problems in children. [1] [2] [3] While their constitution may vary from place to place, the sources of particulate matter are numerous, from natural origin (mainly vegetation and dust resuspension, among others) to different kinds of human activities, such as disposal of petroleum residues, waste incineration, energy production, vehicular emissions and agricultural slash burning. [1] [2] [3] [4] Vehicle exhaust aerosols contain carbonaceous particles that are associated with a complex mixture of compounds. Special attention has been given to particles emitted by diesel engines, due to the numerous in vivo and in vitro da Rocha et al.
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Vol. 20, No. 4, 2009 studies establishing their adverse effects on human health. [4] [5] [6] Among the several organic and inorganic species which are associated with diesel exhaust particles, including monoand poly-functional organic compounds resulting from gas-to-particle conversion mechanisms, hydrocarbons with high molar mass, such as polycyclic aromatic hydrocarbons (PAH) and their oxy-and nitro-derivatives, are of particular interest. 4, 5, [7] [8] [9] PAH are ubiquitous and abundant pollutants that are emitted from several natural and/or anthropogenic sources and may be present in the atmosphere, hydrosphere and lithosphere. [10] [11] [12] [13] [14] The widespread occurrence of PAH is largely due to their formation and emission during incomplete combustion of petrogenic materials such as oil and coal as well as non-petrogenic sources such as wood burning 3, [15] [16] [17] [18] [19] as well as biomass burning due to agricultural practices. 20 In urban areas, exhausts from diesel and gasoline vehicles play an important role in PAH emissions. On roads, emissions of PAH are strongly influenced by heavy-duty diesel vehicles. 21 Many PAH are regarded as priority pollutants by both the United States Environmental Protection Agency and the European Community. While no standard currently exists in Brazil for PAH concentrations in ambient air, the U.K. Government Expert Panel on Air Quality Standards is considering an air quality standard for PAH of 0.25 ng m -3 (annual mean) to be achieved by December 2010. 22 It should be mentioned that particulate PAH, measured in urban air and inside roadway tunnels, have been found in the respirable size range with a significant amount in the ultrafine fraction of the particulate matter. 10, [23] [24] [25] [26] The aim of the present work was to determine the atmospheric concentrations and profiles of 16 particlephase US EPA priority PAH pollutants, present at the same three sites previously studied, 27 namely: (i) Lapa bus station, strongly impacted by heavy-duty diesel vehicles and which has been already characterized for high molar mass n-alkanes and polycyclic aromatic hydrocarbons; 28 (ii) Aratu Harbor, impacted by an intense movement of goods, including metal ores and chemicals and near industrial centers and; (iii) Bananeira Village, located on Maré Island, a non vehicle-influenced site, with activities such as handcraft work and fisheries, although placed near the port (Figure 1 ). Even though Lapa bus station was studied 27, 28 some years ago, nowadays this station has undergone architectural adjustments (previously it was an indoor facility and now there is a "half-opened" space that makes pollutant dispersion more possible). Fuel composition has been changed and aged bus fleet provides conditions that might affect particle-associated PAH production, justifying the present study. Moreover, to our knowledge, this is the first time that PAH were studied in Bananeira and Aratu Harbor (both sites are part of Todos os Santos Bay). Also, there is an increasing interest in the installation of other industries, hotels and resorts that would possibly result in modifications of natural environment of Todos os Santos Bay and this also justifies our work since the previous study was done before these modifications. Our results could therefore be considered in future studies in order to make useful comparisons.
Experimental

Sampling sites
Lapa bus station
The Lapa bus station is in downtown Salvador city in a region featured by heavy commerce and service activities, with several stores, small office buildings and a large mall in its neighborhood. The station is composed of three levels: the first one being located underground and the second at ground level, with total areas of about 13,920 m 2 , each one has 5 platforms for arrivals and departures of urban heavy-duty diesel buses. The third floor is occupied by small stores, cafeterias and the administration services. Samples (n=36) of PM 10 were collected between 16-28 July 2005 on quartz filters (22.8 × 17.7 cm, Energética, RJ, Brazil) by using a PM 10 Hi-Vol sampler (Energética, RJ, Brazil and Thermo Andersen, USA) on the underground bus platform. Sampling periods were 4-6 h during morning/ afternoon and 8-10 h during the night (weekdays) or 24 h (during weekends) under average sampling flow rate of 1.14 m 3 min -1 . 
Cleaning-up procedure and GC-MS analysis
After each sampling, filters were conserved in aluminum foil envelopes and inside sealed plastic bags until weighing and analysis. Gravimetric determinations were carried out as described in Method IO-3.1, 1999. 29 Extraction of the PAH from filters was according to the method developed previously. 30 Briefly, a 47 mm diameter section of each filter was cut and placed into 10 mL amber flasks with 4 mL of a 3:1 acetonitrile/dichlorometane mixture (HPLC grade J. T. Baker, USA) being extracted for 10 minutes under ultrasonication. Extracts were filtered through 25 mm diameter filter discs (0.45 µm PTFE membrane units, Millex, Millipore, Bedford, USA), then allowed to dry under a gentle N 2 flux and finally being redissolved in 100 µL acetonitrile. Then, 1 µL aliquots were injected into the GC-MS system. Recoveries of 16 priority PAH from SRM 1649 (NIST, Washington, DC) were found to vary from 45% (fluorene) to 107% (dibenz [a,h] anthracene) with an overall mean recovery of 80%. 30 GC-MS-SIM analyses were performed as described elsewhere. 31 Briefly, a model QP2010 GC-MS system with 
Statistical analysis
Experimental data were analyzed by calculating the Spearman's correlation coefficients using STATISTICA software (StatSoft, USA), version 6.0. Furthermore, principal component analysis (PCA) and cluster analysis (CA), using Ward's method and Euclidian distances, were also performed. The calculations (PCA and CA) were achieved using individual experimental values of each of the 16 PAH (ng m -3 ) for each sample and sampling site.
Results and Discussion
TSP and PM 10 particles in air and PAH concentrations
As discussed in a previous paper, 27 Aratu Harbor was the only site in which both TSP and PM 10 particles were collected simultaneously. The F test was applied to two collection sites to see if they could be considered similar. 26 They are statistically different and then discussed separately. Furthermore, regarding different collection periods for each site, it was not our intention to directly do inter-site comparisons. Thus, the only comparison made Vol. 20, No. 4, 2009 is for TSP and PM 10 samples from Aratu Harbor. We have adopted the same approach in the present study.
All of the EPA priority PAH were identified in samples from the four sites of the present study. In all sites PAHs with higher molar mass and lower vapor pressure (those ones with 4-6 benzene rings, namely BaA, CRY, BbF, BkF, BaP, IND, DBA and BgP) reached higher particle phase concentrations and those with 2-3 rings such as NAP, ACY, ACE and FLU were scarcely found. Because this work has considered the particle-phase only it is necessary to remember that atmospheric levels of the most volatile PAH (such as NAP, ACY, ACE and FLU) are underestimated since they are preferentially present in the gaseous phase. Nonetheless, considering all sampling days, BbF (ranging from 0.130-6.85 ng m -3 ) is the PAH with the highest concentration in samples from Bananeira and Aratu Harbor CRY (from 0.075-6.85 ng m -3
) presented higher concentrations in the Lapa Bus Station. PAH arithmetic mean concentrations were higher in TSP than in PM 10 , showing a similar PAH distribution in Aratu #1 and Aratu #2 in spite the fact that lower PAH concentration levels belonged to Aratu #2. This could be due to differences of the air mass trajectories of both places, as discussed elsewhere. 27 Aratu Harbor, during TSP and PM 10 sampling, received in its terminals disembarkations of many kinds of goods, including coke, charcoal and petroleum derivatives. Additionally, the diesel oil used to fuel the ships probably contributed to the PAH content of this place. Bananeiras village, on the other hand, seems to be mainly a receptor site for emissions from the Industrial Center of Aratu. Figure 2 shows relative contributions of both carcinogenic (to which BbF, BkF and BaP are the major contributors) and non-carcinogenic (major contributors are BgP, CRY, and PYR) PAHs measured. At three sites amongst the four studied, the carcinogenic PAH represent the main fraction in the total PAH determined in particulate matter, with very similar , and ΣPAH accounted for 0.023% of Figure 3 , and those according to the sampling period are shown in Figure 4 . Since the circulation of commuting buses and people throughout the metropolitan region of Salvador city is most intense from 1 pm to 8 pm and on weekdays, the emissions of particle-associated PAH reached their highest levels on weekdays and during the afternoon, due to continued diesel burning in heavy-duty vehicles and particle resuspension associated with the traffic.
Statistics and PAH diagnostic ratios
It is reported that PAH can be used as source tracers. For example, ACE, FLT, PYR and CRY are predominant species in diesel emissions while ANT, BgP, BkF, BbF, PYR and BaP are the major species in gasoline emissions. 35, 36 Nevertheless, when considering recently published papers, it is easy to observe a significant overlap between them (e.g. IND, DBA and BgP are cited as originating from coal and kerosene combustion emissions but also from cigarette smoke), which makes ascertaining emission sources difficult. 12, [35] [36] [37] [38] [39] [40] In this work, we have tentatively associated PAH designated as "source tracer" with Pearson correlations (Table 3) , principal component analysis ( Figure 5 ), cluster (Table 4) in order to propose the major PAH sources for each site.
When considering Pearson correlations (Table 3) At this site we have tentatively attributed those correlations to industrial emissions and/or petrol refinery and gasoline or diesel emissions. Third, Bananeiras shows two distinct correlation groups, the former with weak-to-moderate correlations among NAP, ACY, ACE, FLU, PHE, and ANT (0.37 < r < 0.58, which could be due to a petrol refinery, wood combustion for domestic heating/energy production) and the latter with moderate-to-strong correlations among FLT, PYR, BaA, CRY, BbF, BkF, BaP, IND, DBA and BgP (0.81 < r < 0.96, diesel exhausts from boats). Finally, Pearson correlations from Lapa Station have shown the lowest score values and the least species involved in correlations of all sites. This could denote more diverse PAH sources at that site, which would reflect into more difficult correlations between them, since more than one or two different sources should be participating in the origin of each PAH. At this site there are weak-to-moderate inter-correlations between NAP, ACY, ACE, FLU, PHE, FLT, PYR and BaA (0.15 < r < 0.84) and also moderate-to-strong correlations between PHE, FLT, PYR, CRY, BbF, BkF, BaP, IND, DBA and BgP (0.51 < r < 0.99, diesel exhausts from heavy-duty vehicles). Figure 5 shows principal component analysis at 95% of confidence level for all sites jointly (n=78). From Figure 5a , PCA analysis shows that the first principal component explains 60% and the second accounts for 30% of all variance data, distinguishing two main groups according to similarities in the PAH emission patterns: the first group, formed by Aratu (#1 and #2 as well as TSP and PM 10 ) and Bananeiras (TSP), and the second group, formed by samples from Lapa station. Compared to Lapa station samples, Aratu and Bananeiras samples would be expected to have both relatively high concentrations of those compounds with positive loadings (BbF, DBA, BkF, IND, BgP, and BaP) on the first principal components and low concentrations of some other compounds with negative loadings (NAP, ACE, ACY, and FLU). Furthermore, Lapa samples have shown high concentrations and positive loadings for the second principal components (BgP, BaP, and BbF) and both high concentrations and negative loadings for the second principal components (PHE, FLT, BaA, PYR, and CRY) (Figure 5b ).
Considering that clusters with interpoint distances lower than 5% of the greatest found distance show high similar profiles, the evaluation of Aratu #1 and Aratu #2 sites by cluster analysis pointed out that FLU, ACY, ANT, ACE, PHE, NAP, PYR and FLT presented highly similar profiles. The dendogram shown in Figure 6 brings out grouping tendencies of PAH that presented high similarities (i.e. low average Euclidian distances). In this way, four groups of PAH could be indicated by multivariate cluster analysis: (i) ACE, ACY, NAP, FLU, ANT, DBA; (ii) BaA, PYR, FLT, FEN; (iii) BbP, IND, BaP, BkF; and (iv) BbF, CRY. The group consisting of BbF and CRY was the must dissimilar one when compared with the other groups. By comparison, the grouping tendencies obtained by cluster analysis did not disagree with results attained using the Pearson correlation, showing that similar results were obtained by independent mathematical methods.
Molecular diagnostic ratios have been the most frequently used tool for source identification of atmospheric PAH. Although its reliability is still widely debated, 35 it is extensively employed. 32, 36, 37, [56] [57] [58] Different sources release PAH in characteristic proportions that are not affected by vapor-to-particulate phase partitioning. [58] [59] [60] 
Particle-associated PAHs dry deposition fluxes
Dry atmospheric deposition fluxes (F d ) were calculated by multiplying the geometric mean of each PAH concentration (C i ) in the particulate matter to PAH dry settling velocity (V d ) as follow:
There are some uncertainties related to term V d since this may vary considerably due either to particle size, or to climatological or physical conditions in the atmosphere. In these cases, deposition velocity can vary 1-2 orders of magnitude. [61] [62] [63] [64] Even keeping in mind these uncertainties, the particulate matter dry deposition flux calculations bring broad but very helpful insights in order to better understand PAH removal mechanisms. Indeed, some authors have modeled V d , 62, 65 and they have found results comparable to those from Sheu et al. 62 Therefore, in this study PAH particle dry depositions were calculated by using the V d stated in the latter study, as observed in Table 5 The apparent dry deposition fluxes from Table 5 take into account both the geometric averaged concentration level of an individual PAH sorbed on to particulate matter and dry deposition velocity. They should also take into account the PAH reactivity that can be an important parameter in interpreting the dataset. Nielsen 65 has developed a reactivity scale that groups PAH into five classes of reactivity (from Class I, the most reactive group, 47 to Class V, the least reactive ones) toward nitrating species generating either nitro-PAHs, oxy-PAHs or quinones (these are PAH derivatives that are much more carcinogenic and/or mutagenic than those species from which they originated, so are of more concern in health issues). If a PAH is more reactive than others, it is more easily modified (removed) by a photochemical reaction and it would not be found in PM in high levels so that dry or wet deposition mechanisms would not be its main atmospheric fate. On the other hand, the less reactive the species, the more probable the PAH is to sink by either dry or wet deposition, depending on its vapor pressure and water solubility (being, therefore, incorporated into terrestrial and/or aquatic systems). This should be considered when analyzing some isomer pairs such as PHE and ANT, FLT and PYR, BbF and BkF, and IND and DBA. PHE belongs to Class V and ANT is Class II. Thus it is reasonable to accept that ANT, being more reactive than PHE, would be more readily modified to any of its possible nitro-derivatives, so that less ANT would be available for dry deposition. 66 The same happens with the next two isomer pairs: (i) FLT (Class V) and PYR (Class III), and (ii) IND (Class V) and DBA (Class IV), where PYR and DBA, respectively, apparently possess lower dry deposition fluxes. In the case of the BbF and BkF pair, both belong to the same reactivity class (Class V) and the high fluxes are derivated from both high concentration levels and deposition velocities. Summing up, if dry deposition was the main removal mechanism for PHE, FLT, IND, BbF, BkF and in minor extension, for DBA (and the other Class IV, CRY), these airborne particles, once deposited, might be resuspended by any mechanical/physical perturbation being then able to be enriched by some freshly generated PAH (vapor-PAH converted to particle) or by any physical interaction such as accumulation, coagulation, etc., acting in both freshly and aged particulate PAH and be again dry deposited. This cyclic path of those PAH could happen continuously and the particulate matter could be aged in relation to some less reactive PAH. The same might happen with NAP, ACY, and, tentatively, to ACE and FLU that also are classified as Class V species. But in this case, because they are preferentially segregated to the gaseous phase, their principal fate would be gaseous dry deposition or even wet deposition, since they are also the most water soluble of the 16 priority PAH.
Conclusions
The present work has aimed to determine the atmospheric concentrations and profiles of 16 particle-phase US EPA priority PAH pollutants, present at three sites of Salvador, BA, Brazil: (i) Lapa bus station, strongly impacted by heavy-duty diesel vehicles; (ii) Aratu Harbor, impacted by an intense movement of goods, including coke, metal ores and chemicals and near industrial centers; and (iii) Bananeira village, located on Maré Island, a non vehicleinfluenced site, with activities such as handcraft work and fisheries, although located near the port. The contributions of carcinogenic species for the total PAH content, the Pearson's correlations of PAH from all sites, source apportionment and dry deposition flux for the total PAH were reported and discussed.
Results pointed out that, considering all sampling days, BbF (0.130-6.85 ng m -3 ) is the PAH with highest concentration in samples from Bananeira and Aratu Harbor CRY (from 0.075 to 6.85 ng m -3 ) was the one that presented higher concentrations in Lapa bus station. At these sites, on average, ΣPAH accounted for 0.005% and 0.0012% of the TSP mass for Aratu Harbor and Bananeiras village, respectively, while it was 0.008% and 0.011% of the PM10 mass of Aratu Harbor and Lapa bus station, respectively. Particle content of the particulate phase was (in µg g 10 , Bananeiras and Lapa, respectively. PAH sources from the studied sites were mainly of anthropogenic origin¸ Aratu #1 (TSP and PM 10 ) had as PAH sources automobile traffic (gasoline fueled light-duty vehicles and diesel fueled heavy-duty vehicles), discharges in the port (coke and others), and domestic/office soot. Aratu #2 (TSP and PM 10 ) is impacted by the following PAH sources: automobile traffic (gasoline fueled light-duty vehicles and diesel fueled heavy-duty vehicles) and discharges in the port (coke and others). Bananeiras, although being a remote site, had PAH sources such as: diesel burning from ships and smaller boats, domestic soot, coal and wood combustion for energy production. Finally, Lapa station presented the following main PAH sources: emissions from diesel fueled heavy-duty vehicles; cooking emission from cafeterias and restaurants at the station and, finally, dust resuspension through circulation of buses and people and exchange of dust from the area surrounding the station. ). In most sites BbF was the PAH with the highest deposition flux followed by BgP Vol. 20, No. 4, 2009 and IND. Exception is made for Lapa station where CRY, BgP, BaP and BbF demonstrated higher F d loadings.
